As devices shrink to dimensions below 0.1 lam, it becomes essential to treat impurities and carriers as individual charges. We describe some approaches to ionised impurity scattering where the potential of the impurities is included directly in the dynamics of a Monto Carlo type simulation rather than as a scattering rate. The divergence in the Coulomb potential creates difficulties for mesh-based solutions of Poisson's equation, which we have compared with more accurate Ewald summation. However, we find that the mesh does not introduce significant errors, and reproduces well the expected mobility as a function of doping. Highly accurate integration of the equation of motion is needed for free carriers, and the initial distribution is problematic. In contrast, a simple treatment of phonon scattering by Brownian dynamics is more tolerant of errors because it tends to restore the system to equilibrium.
INTRODUCTION
As semiconductor devices shrink to dimensions below 0.1 tm, their properties begin to differ from larger structures as the atomistic nature of the charges begins to exert its influence [i] . The simulation of such devices requires a full-scale 3D treatment, including both impurities and carriers as individual particles [2, 3] . This presents a severe computational load, both in the solution of Poission's equation and because the equation of motion must be integrated through a complex potential landscape. Rapid variation of the potential in space may create difficulties with meshbased calculations, both for the dynamics and Poisson's equation.
In this paper we discuss some issues associated with the ab-initio treatment of ionised impurity scattering, where the potential of the impurities is included directly in the dynamics of a Monte Carlo simulation rather than being introduced as a scattering rate. We have studied several methods for the solution of Poisson's equation and the integration of the equation of motion to evaluate their efficiency and accuracy. For Poisson's equation we compared a mesh-based solution with a near-exact potential based on Ewald summation [4] . The equation of motion was integrated either with a high-order adaptive Runge-Kutta scherne, for free carriers and impurities alone, or with a low-order Euler method within Brownian dynamics [5] , which also includes phonons and proves to be more forgiving.
These methods were tested by calculating the mobility of electrons in a slab with randomly distributed impurities. Their application is also illustrated with the simulation of a 0.08gm channel length dual gate GaAs MESFET.
COMPUTATIONAL ASPECTS
The simplest approach to include individual inpurity charges in a particle-based device simulation is to ascribe them to a mesh and to solve Poisson's equation as a boundary value problem. This method is efficient and works for devices with arbitrary boundaries. Unfortunately, difficulties arise close to charges where the 1/r Coulomb potential diverges. The errors in calculating the interparticle forces from a mesh-based solution of Poisson's equation along the major axis of syrnmetry of a cubic mesh cell are illustated in Figure 1 . The errors are significant when the distance between the charges becomes smaller than 2-3 mesh spacings. It is practical to correct the short-range part of the interaction estimated frown the mesh analytically. For a 3D solution of Poisson's eqtaation on an uniform mesh we use a simple 'linear interpolation for the corrections which reflects the symmetry of the mesh cell.
Direct analytic evaluation of the Coulomb forces between point charges can give accurate results but becomes to costly when large numbers of particles are involved in the simulation, or where the boundaries of the device are complex. For simple cases, with periodic boundary conditions, the nethod of Ewald summation [4] can be used. We have used a polynomial approximation to the Ewald sums with fitted coefficients and compared the results with mesh-based solution of Poisson's equation.
Integration of the equations of motion in the complex potential landscape associated with the individual charges poses problems because the magnitude of the Coulomb force varies rapidly near the impurities. This necessitates the use of high-order integration schemes and small timesteps for free carriers. In this case we use an adaptive Runge-Kutta approach. Errors accumulate during the simulation and tight tolerances are therefore required. Phonon scattering can be included using Brownian dynamics [5] . This is essentially an ensemble Monte Carlo method with a greatly simplified scattering term. Low-order Euler integration of the equation of motion is satisfactory in this case because the interaction with the phonons built into Brownian dynamics tends to erase errors in the integration of forces.
IONISED IMPURITY SCATTERING
The methods discussed above have been tested by calculating the mobility of electrons in bulk GaAs at room temperature. The crystal was represented as a periodic array of cubic cells and ionised impurity scattering was introduced through the potential of randomly distributed impurities in each cell. A uniform background charge was added to maintain overall neutrality. Poisson's equation was solved using a multigrid technique for the mesh-based methods. A typical pontential distribution in a (50 nm) 3 cell is given in Figure 2 . The same positions of impurities were used in the Ewald summation approach.
The mesh spacing must not exceed the distance at which the Coulomb interaction equals the thermal energy .-about 2.8 nm at room temperature. In our calculations we used a nm mesh. It is natural to assume that the cell size has to be larger than the mean free path of the carriers. For doping concentration N 1024 m -3 the mean free path is approximately 50 nm and a mesh with more than 503 points is therefore needed. This introduces a problem for lower concentrations where the mesh has to be even larger. However, experitnents for N/) 1024 n-i -3 with meshes ranging from 103 to 2003 points gave a very small spread in the calculated mobility, #, 0.417 _+_ 0.008 m2/Vs. The history of 65000 particles was followed in the simulation and the diffusion coefficient was calculated from the variance in the range using a least-squares fit. The mobility was then deduced from the Einstein relation.
The results are summarised in Figure 3 and compared with the most commonly used analytical formulas. Phonon scattering was excluded from the Brownian simulations using Mattheisen's rule where necessary. The Brownian dynmnics simulation with a mesh-based solution of Poisson's equation is in good agreement with the Conwell-Weisskopf formula over the whole range of doping. Brownian dynamics in combination with the more accrate Ewald sum for Polsson's equation gives lower mobility than the mesh-based results. The results for the Ewald summation and free carrier dynamics show a marked reduction in mobility which is more pronounced as the doping level is increased. The most likely cause of this phenomenon is the trapping of carriers in the potential well at the site of each impurity. The lack ofphonon scattering means that is no mechanism for the electrons to exchange energy with the crystal and reach thermal equilibrium. It is therefore important to impose the correct initial distribution of carriers. The use of an unmodified Maxwell-Boltzmann distribution to initiate the simulation would pose severe problems because it predicts that all carriers are trapped in the Coulomb wells.
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Threshold equipotential FIGURE 2 Random potential in a uniformly doped slab near the percolation threshold. 
DUAL GATE MESFET EXAMPLE
The Brownian method on a mesh was used in a simple simulation of an 80 nm dual-gate MESFET with Nz)= 5 x 1023 m -3 in the channel. Figure 4 illustrates the potential in the channel near threshold; fluctuations due to the random donors are evident. Figure 5 shows that the results of this atomistic simulation agree well with drift-diffusion results from MEDICI, at low source-drain voltage. The slope of the Iz(Va) characteristic is proportional to the mobility, and shows that impurity scattering is properly included in the Brownian simulation. 
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